Abstract. Surface plasmon resonance (SPR) is a phenomenon occuring at metal surfaces (typically gold and silver) when an incident light beam strikes the surface at a particular angle. Depending on the thickness of a molecular layer at the metal surface, the SPR phenomenon results in a graded reduction in intensity of the reflected light. Biomedical applications take advantage of the exquisite sensitivity of SPR to the refractive index of the medium next to the metal surface, which makes it possible to measure accurately the adsorption of molecules on the metal surface and their eventual interactions with specific ligands. The last ten years have seen a tremendous development of SPR use in biomedical applications. The technique is applied not only to the measurement in real-time of the kinetics of ligand-receptor interactions and to the screening of lead compounds in the pharmaceutical industry, but also to the measurement of DNA hybridization, enzyme-substrate interactions, in polyclonal antibody characterization, epitope mapping, protein conformation studies and label-free immunoassays. Conventional SPR is applied in specialized biosensing instruments. These instruments use expensive sensor chips of limited reuse capacity and require complex chemistry for ligand or protein immobilization. Our laboratory has successfully applied SPR with colloidal gold particles in buffered solution. This application offers many advantages over conventional SPR. The support is cheap, easily synthesized, and can be coated with various proteins or protein-ligand complexes by charge adsorption. With colloidal gold, the SPR phenomenon can be monitored in any UV-vis spectrophotometer. For high-throughput applications, we have adapted the technology in an automated clinical chemistry analyzer. This simple technology finds application in label-free quantitative immunoassay techniques for proteins and small analytes, in conformational studies with proteins as well as in the real-time association-dissociation measurements of receptor-ligand interactions, for high-throughput screening and lead optimization.
Introduction
Surface plasmon resonance (SPR) was introduced in the early 1990s as the underlying technology in affinity biosensors for biomolecular interaction analysis (BIA), a new concept for the analysis of the functional properties of biomolecules [1] . The affinity biosensor technology filled the need for more meaningful information on biomolecular interactions than what could be gained from classical endpoint immune-or receptor-binding assays [2] . BIA with biosensors allowed a real-time follow-up of the kinetics of interaction between a pair of biomolecules in absence of any tracer [1] . This was made possible by immobilizing one of the partner of the pair on a metal surface, allowing the other partner to flow in excess over that surface, whilst using SPR spectroscopy to measure the changes in refractive index occuring at the metal surface upon interaction between the two biospecific partners. Such an approach for studying biomolecular interactions finds its place in a set of strategies intended to use so-called 'intelligent' reporter systems to study biomolecular interactions that our laboratory is keen to investigate for some time [2, 3] .
Whilst several biosensor concepts have been developed [2, 4, 5] , affinity biosensors using SPR have the merit to be the first sensor instruments and systems to be commercialized and hence made available to thousands of laboratories. However, affinity biosensors present several drawbacks, of which the least is most probably not the cost of instrument and sensor chips. Besides that, SPR biosensors usually lack the sensitivity to detect the interaction of proteins with small ligands [6] and due to their inability to handle many samples simultaneously, they are unsuitable for use in high throughput applications [7] . Therefore, our laboratory has considered for some time to use the SPR technology with colloidal gold particles as the spectroscopic substrate instead of the gold metal layers used in conventional biosensors [8] . We were made confident in our hypothesis that SPR could work with colloidal gold by a report showing that the combination of a gold metal layer with colloidal gold particles in an affinity biosensor chip resulted in a tremendous increase in sensitivity [9] . Such an application of SPR presents the advantage of being accessible to many laboratories because it requires only cheap reagents and an UV-vis. spectrophotometer. Meanwhile, other laboratories have adopted the same strategy with success, using either, like us, colloidal particles in suspension [10, 11] , or a layer of colloidal gold particles on a glass plate [12] , respectively. In this article, we review the theory of SPR spectroscopy in both conventional affinity biosensors and colloidal metal configurations, we present the various approaches to immobilize proteins on the sensor substrates and exemplify our approach with colloidal gold with several applications.
Conventional surface plasmon resonance
Conventional SPR measurements as applied in biosensors are used to monitor the changes in thickness or refractive index of ultrathin organic films at metal surfaces [13] . The SPR phenomenon occurs when an incident beam of p-polarized light of a given wavelength strikes the surface at a given angle through a prism. In such conditions, photon-plasmon surface electromagnetic waves (surface plasmon polaritons) are created at the metal/dielectric interface. These waves propagate parallel to the metal dielectric interface and the associated optical electric field decays exponentially away from the surface with a typical decay length of 200 nm [13] . This results in a reduced intensity of the reflected light at this angle. The reflectance of the incident light at a given angle θ can be calculated using a three-layer Fresnel equation relating p-polarization [14] , in which the sensing system consists of three media j, a glass prism-metallic film-sensing layer, denoted respectively by γ, µ and ρ subscripts. The reflectance R of the incident light is calculated as follows:
and the amplitude reflectance for prism-metal and metal-sensing layer interfaces are given by the following equations: where ε j and k j are the dielectric constant and the wave-vector component perpendicular to the interface in the respective medium j (prism, metal or sensing layer), k z is the component of the incident wave vector parallel to the interface, ω is the angular frequency of the incident light (ω(λ) = 2πc/λ), d is the thickness of the metallic film and c is the velocity of light. According to the set of Eqs (1) and (2), the reflectance varies as a function of the dielectric constant ε ρ of the sensing layer [14] , which is the square of the refractive index and consists of N absorption oscillators per unit of volume that depend on the ligand concentration on the layer surface. The application of this mathematical model allows to simulate the SPR spectra displayed in Fig. 1 . In conventional SPR biosensors, like the BIAcore instrument, monochromatic light with a broad distribution of incident angles is used and the reflected light reach the detector at different points [15, 16] , depending on the angle of reflection. The detector continuously records the position of reduced light intensity and calculates the SPR angle of reflected light. This increases the sensitivity of the detection system. The change in SPR angle θ of reflected light at a given wavelength is directly related by constants c 1 and c 2 to both the change in refractive index n at the surface and the change in thickness d of the layer, according to the relationship [17] [18] [19] [20] ∆θ(λ) = c 1 ∆n + c 2 ∆d
in which relationship (3), any change in protein thickness (∆d) by i.a. a conformational change of the protein or a binding event will predict a refractive index change (∆n) according to the Lorentz-Lorenz relation [17] : where n is the refractive index of the protein, n w is the refractive index of water, V p is the volume of the protein and V the volume of the protein layer
The SPR angle change is reported as resonance units (RU). A response of 10 3 RU corresponds to an angle change of 0.1 degree which is produced for most proteins by the binding on the sensing layer of approximately 1 ng/mm 2 [16] . The theoretical angle change can be calculated [13] using complex Fresnel equations. The plot of Fig. 2 shows the change in reflected SPR angle θ and the corresponding RU response which occurs when the thickness of a protein layer increases up to 5 nm over a 50 nm gold layer. As can be noted, the relationships are linear [21] . Thus, the instrument is capable of monitoring in-real time the evolution of both the thickness and the refractive index, the changes of which are the consequence of the biomolecular interactions occurring at the sensing gold layer.
In a conventional SPR instrument, the biomolecular interaction occurs on a sensor chip made of a glass plate on which a thin layer of metallic gold (usually 50 nm thick) is coated. The protein to be studied is immobilised on this gold surface. During the real-time studies, buffer flows over the sensor chip and therefore, any desorption of the protein layer due to the flow must be avoided. Consequently, physical adsorption of the protein is probably not the best alternative. Although it is possible to adsorb directly proteins to the gold surface through thiolate bonds [22] , a prerequisite is that the protein contains available sulfhydryl groups. This is possible with antibody Fab -SH fragments [22] but not with any protein. Alternatively, the gold surface may be modified with alkanethiolates containing carboxylic groups for further covalent attachment of proteins or peptides [23, 24] or modified DNA [25, 26] through amide or thiol bonds. However, the most classical approach consists in linking a 100 nm thick layer of carboxymethylated dextran to the gold surface derivatized with 16-mercaptohexadecan-1-ol [27] . Proteins are then covalently attached directly to the modified dextran, or bound through a streptavidin-biotin bridge [25, 28, 29] .
Biomedical applications of SPR with biosensors
The most common application of biosensing SPR instruments is the determination of affinity parameters for biomolecular interactions [30] . The ligand or the binding protein is immobilized on the sensor chip and its binding partner is added to the buffer flowing over the chip. The concentration of the binding partner in the buffer is constant, which favors association. When equilibrium is reached, the flow is switched to buffer devoid of any interacting molecule. This disrupts the equilibrium and dissociation of the bound partner occurs. The process is repeated with several concentrations of binding partner in the buffer, after that the sensor chip is regenerated by washing steps intended to remove any analyte bound on the binding partner immobilized on the chip [31] . The instrument reports the changes in RU occurring during association and dissociation in a sensorgram as exemplified in Fig. 3 . An appropriate treatment of the data allows to infer the association and dissociation constants and hence the affinity constant of the interaction [2, 28] . The technique presents several advantages over conventional methods of affinity measurements [30] . It requires little material, is very fast and does not need any labeling with a tracer. A major drawback is the need to regenerate the sensor chip for measurements with various concentrations. Several approaches have been proposed to counter this problem, including the use of multichannel instrument [32] and in single channel instruments, of a gradient of analyte concentration in the buffer flow [33] . The application of conventional SPR to affinity measurements has found a place in many areas of biomedical sciences. Typical examples of applications are summarized in Table 1 . However, as mentioned above [17] [18] [19] [20] , SPR measurements are not only sensitive to changes in the refractive index of the medium surrounding the sensor, but also to the thickness of the sensor layer. As any change in protein conformation will bring a modification in this parameter, SPR has also been extensively used to study the conformation of immobilized proteins in various environments [17, 18, 51, 52] .
The most recent developments of conventional SPR are in the growing field of proteomics in combination with matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF). In the combination of these two techniques, SPR allows to study biomolecular interactions between mole- Fig. 3 . Sensorgram showing the evolution of resonance units (RU) versus time during association and dissociation measurements performed in the BIAcore instrument. The binding partner immobilized on the chip is a monoclonal anti-human chorionic gonadotrophin (hCG) antibody (M2F05, OEM Concepts, Toms River, NJ) and the association is measured in presence of increasing concentrations of hCG, respectively 13, 27 and 54 nM. A delay of 60 sec is applied before the analyte is added to the buffer and the association is allowed to occur during 300 sec before the flow is switched to analyte-free buffer for dissociation measurements. [50] cules of which at least one is known (attached to the sensor layer). If a mixture of proteins is used during the interaction study, the interacting molecule is not necessarily identified. Therefore, MALDI-TOF allows to identify the molecule(s) from the mixture that interact with the sensor [53, 54] . The combination is very efficient because the metal layer concurs in the laser desorption/ionization process [55] . The direct application of MALDI-TOF on the sensor chip is however destructive. Therefore, recent developments have applied new anchoring sample supports for the MALDI-TOF procedure [56, 57] that allow the elution and capture of the binding partner(s) from the SPR instrument for further identification [58] . This permits the regeneration of the sensor chip. The continuous development of SPR applications in biomedical sciences during the last decade enlightens the many promises of the technique [59] . More recently, a new prospect was further opened to SPR with its application in the biophysical characterization of binding and structural events occurring in biomembranes, allowing for a deeper and dynamic understanding of the specific and non-specific interactions occurring at the cell surface [60] .
Surface plasmon resonance with colloidal gold in solution
Despite a quite high popularity and broad availability in laboratories, SPR biosensors are not devoid of disadvantages. The major drawback is the sensitivity of the system with a detection limit restricted at 1-10 nM of a 20-kDa protein [61] and even higher for smaller molecules [6] , particularly when the receptor displays a weak affinity [45, 62, 63] . Several strategies were proposed in order to circumvent this drawback. The use of liposomes sensitized with biotin has been proposed, which interact with an avidin-labeled second antibody and increase the specific mass at the sensor surface [61] . Another approach consisted in monitoring the conformational changes of the immobilized receptor upon interaction with small ligands [64] . Finally, colloidal gold was incorporated with success in biosensors resulting in an increased sensitivity of ligand-protein [9] and DNA-DNA interactions [65] . The change in SPR angle magnitude was further shown to be particle-size dependent up to 45 nm in diameter [66] . The phenomenon has been attributed to a perturbation of the propagation of the surface plasmon polaritons on the metal layer by the localized surface plasmon of the particles [67] . A second, minor disadvantage of SPR biosensors results from the absolute requirement to immobilize proteins on the sensor through a covalent linkage in order to avoid desorption by the buffer flowing over the sensor surface. In most configurations, a layer of carboxymethylated dextran is used as the interface allowing for protein immobilization on the gold surface. This 100 nm thick interface has been held responsible for mass-transfer resistance and for inducing steric hindrance during the biomolecular interactions that take part at the sensor surface, resulting in the underestimation of the affinity parameters when compared to classical determinations in solution [68, 69] . Finally, although multichannel biosensing instruments [32] and imaging array system [25, 70] have been developed to monitor ligand-protein and DNA hybridization with DNA or RNA respectively, these sytems remain too slow for an application in high throughput screening [7] . These limitations led our group to consider colloidal gold nanoparticles in suspension as a possible and attractive configuration to carry out SPR measurements with an UV-vis spectrophotometer, a system of which we showed the feasibility as early as 1998 [8] .
When noble metal nearly monodisperse spherical nanoparticles in solution are excited by electromagnetic radiation, they exhibit collective oscillations of their conduction electrons that result in wavelengthselective absorption and scattering of the incident radiation. With colloidal gold nanoparticles, this excitation results in an extinction spectrum exhibiting a single peak around 520 nm known as the localized surface plasmon resonance (LSPR) [71] . Thanks to Gustav Mie's work, it has been known for close to a century that the various colors that colloidal gold solutions can display (and hence the shifts of the LSPR) are dependent on the particle size and shape [72, 73] . In the early eighties, this property of colloidal gold solutions to display changes in the visible spectrum was extensively applied by a research team of Organon in the development of sandwich immunoassays [74] [75] [76] [77] [78] . The change in size and shape of antibody-gold nanoparticles conjugates occurring when their agglutination was induced by the presence of the antigen resulted in a dose-dependent decrease in extinction of the LSPR of the gold colloid. This new immunoassay method showed promise since the technique was homogeneous, i.e., did not need a separation of the free antigen from bound complexes [3] . Unfortunately, the LSPR effect proved very sensitive to non-specific interactions and was barely applicable to crude serum or urine samples [79] . However when a suitable separation of the possible interfering components in the sample could be effected, the technique proved useful as shown later by its application to the determination of the affinity of monoclonal antibodies [80] . The technique is also applicable to the study of oligonucleotide hybridization in buffered solutions [81, 82] . Our understanding of the direct LSPR effect on individual gold nanoparticles [8] described below as an additive phenomenon to the agglutination LSPR signal, allowed recently our laboratory to avoid the non-specific interactions with crude biological human samples and to design a quantitative homogeneous agglutination immunoassay with colloidal gold [83] .
Besides the effects of size and shape on the LSPR of noble metal colloids which were demonstrated for a while [72, 73] , the effect of changes in the refractive index of the surrounding medium was more difficult to appreciate at an experimental point of view because of the very high susceptibility of the nanoparticles to flocculate in organic solvents. The direct effect of the refractive index of the surrounding medium was actually demonstrated with gold colloids in 1994 [84] , with gold and silver colloids in 1995 [85] and confirmed more recently with silver nanoparticles [86] [87] [88] .
Gold spherical nanoparticles obey the physical laws of any particle of a size smaller than that of the incident light [89] and therefore, their extinction at a given wavelength E(λ) is the sum of absorbance A and scattering S for a given optical pathlength L t , according to the relationship:
The Mie scattering treatment for metal particles allows to relate the extinction term of Eq. (5) to the refractive index of the surrounding medium by a tedious expansion of complex series of scattering coefficients that describe the amplitudes of the scattered and magnetic fields [73, 89] . The Maxwell-Garnett approach is easier to handle [73] , which assumes that it is reasonable to define an effective complex dielectric constant ε m for the metal particles and a complex dielectric constant ε 0 for the medium that surrounds them. These constants are related to the particle polarizability α(ν) by the Lorentz-Lorenz relation [10, 73] :
where f m is the volume fraction of the metal in the mixture and κ is the screening parameter depending on the geometry of the metal inclusions (κ = 2 for spheres and tends to unity for needles oriented with their axes of revolution parallel to the direction of incident light). The complex dielectric constant of the metal ε m can be calculated by assuming a Drude model as:
where ε ∞ m is the dielectric constant contribution from bound electrons, ω p is the plasmon frequency and ω τ the damping frequency of the bulk metal, and ω the angular frequency of the incident light as defined above for Eq. (1). According to Eq. (7), the complex dielectric constant can further be decomposed into its real and imaginary components ε m and ε m , respectively. The optical extinction cross section C E(λ) for a single particle is related to the particle polarizability α(ν) via its absorbance and scattering cross sections as follows [10, 85] :
where
in which r is the particle radius. Finally, the transmittance T is related to the extinction cross-section [10, 73] by the following relationship:
where N is the number density of particles. In the case of noble metals, as exemplified for gold in Fig. 4 , solving Eq. (7) in the visible region of the spectrum shows that the imaginary part of the complex dielectric constant ε m is small and does not vary with λ, counter to the real part which is negative and decreases monotonically with λ. Therefore, according to Eqs (6) and (7), if we consider only the real part of ε m and ε 0 , α(ν) and hence C E(λ) will become very large when ε m +κε 0 → 0, i.e., at the wavelength corresponding to the LSPR of the colloidal metal [10, 86] . As a consequence, any tiny change in the complex dielectric constant and hence in the refractive index (n 0 = √ ε 0 ) of the surrounding medium will change the wavelength of the LSPR. This is exemplified in Fig. 5 with colloidal gold spectra simulated by solving Eqs (5)- (10). This principle is applied in the SPR measurements with colloidal gold.
Biomedical applications of SPR with colloidal gold
Colloidal gold spherical nanoparticles are quite easy to synthesize by reduction of a boiling aqueous solution of hydrogen tetrachloroaurate with sodium citrate and the citrate/gold molar ratio allows to finetune the size of the particles [2, 3, 8] . With this synthetic method, the colloidal gold solutions are relatively homeodisperse according to our's and others' experience [2, 89] . So far, we have obtained the best results in our applications of SPR with colloidal gold by using particles of 50 nm in diameter. Colloidal gold nanoparticles remain negatively charged over a wide range of pH values [90] and consequently, proteins are easily coated on the surface by charge adsorption at pH values close to or slightly above the isoelectric point [91, 92] . Because the particles remain in suspension during the experiments and are not submitted to additional external physical forces, this type of protein immobilization is acceptable. We use to coat colloidal gold with a protein concentration just sufficient to stabilize the particles from coagulation by salts, in order to prevent as much as possible the formation of multiple layers [2, 3, 8] . The verification of the effect of pH during coating on the activity of the protein is also of prime importance since it has been shown that changes in protein conformation may alter the activity [92, 93] . When we perform pH titration isotherms, we check the protein activity in addition to the colloid stability [2, 3] , so as to have at hand probes with the best stability and activity. Once synthesized and coated, the colloidal gold probes are buffered and an inert protein is further added in order to ensure complete stability. If properly prepared, these probes are very stable. In our laboratory, we currently store in the fridge antibody-coated probes prepared four years ago which still show the same reactivity as at the time of preparation.
We use colloidal gold probes for the determination of the affinity parameters of binding proteins for their ligands and take advantage of the changes in the visible spectrum due to the modification in the LSPR of gold occurring during the interaction. As an example, Fig. 6 shows the difference spectra recorded for colloidal gold nanoparticles coated with an anti-theophylline monoclonal antibody after interaction with increasing amounts of the ligand. The progressive decrease in extinction at the LSPR of gold probes is clearly apparent, along with the increase of extinction at longer wavelengths resulting from the peak red-shift. We had published results with this technique for proteins in our 1998 article [8] and have more recently validated the technique for high-throughput screening (HTS) with both protein and small organic molecule ligands [94] . For this application in HTS mode, we use a clinical chemistry analyzer (Cobas-mira plus) instead of a spectrophotometer [12] to record the signal. This instrument (formerly marketed by Hoffmann LaRoche, now by ABX Diagnostics) is a walk-away system capable of mixing and incubating samples and reagents in individual cuvettes and to monitor absorbance (A) at Fig. 6 . Difference visible spectra recorded after interaction of colloidal gold particles in solution coated with a monoclonal anti-theophylline antibody (20 pmol) with increasing concentrations of the ligand (respectively 2.8, 5.6, 11.2, 28 and 56 pmol). The arrows indicate respectively the progressive decrease of extinction at the LSPR of gold and the simultaneous increase in extinction at longer wavelengths. a fixed wavelength according to preprogrammed conditions. Automated clinical analyzers are in wide use in clinical laboratories for the quantitative analysis of several parameters in blood and urine [95] . However, the technique should be applicable to a microtiter plate format as well. We prefer to use a Cobas-mira plus instrument among other analyzers because it is equipped with a high energy flash lamp, which increases the sensitivity of signal detection. The instrument carousel contains 72 cuvettes thermostated at 37 • C automatically replaced according to needs, and the photometer records the A in each cuvette every 25 sec during a maximum incubation period of 20 min. During incubation, we monitor the changes in A 600 nm during the association and dissociation kinetics. Figures 7 and 8 present examples of such experiments with colloidal gold nanoparticles respectively coated with anti-troponin I (TnI) and anti-digoxin antibodies associating with three different doses of the respective ligand, TnI (a protein) and digoxin (a small drug). We use to induce the dissociation by the injection of a large excess of ligand into the cuvette (between 100 and 1,000 fold excess depending on the ligand). Since the SPR method with colloidal gold does not rely on particle agglutination to generate the signal [8, 12] , the role of ligand excess in inducing the dissociation was not clear at first sight. Therefore we compared the kinetics between digoxin and a colloidal gold probe coated with an anti-digoxin antibody and after association equilibrium was reached, we injected either PBS or PBS containing a 500 fold ligand excess. The results are displayed in Fig. 9 . When PBS alone was added, the equilibrium was maintained and no dissociation occurred, counter to what happened when the ligand was added in excess. As shown 15 years ago by Nygren et al. [96] , the kinetics at solid-liquid interfaces obey to laws differing from those governing the interactions in true solutions. They are diffusion-rather than reaction (mass action)-limited. These authors observed that ligand dissociated from antibody immobilised on silicon wafers in presence of ligand excess, not when the solid phase was washed with PBS alone. Similarly, in particle systems, external diffusion phenomena play a major role which tend to concentrate the ligand at the particle surface and the fraction of ligand bound by the immobilised binding protein is inversely proportional to both the total ligand concentration and total binding site concentration available [97, 98] . At steady-state, the total ligand concentration at the particle surface is constant and this results in a lack of dissociation, even when the medium composition is modified. When an excess of ligand is added, a new diffusion-rate situation is created which increases the ligand concentration at the particle surface. This in turns results in a decrease of the bound ligand fraction, which can explain the dissociation phenomenon observed.
We have validated this method in the Cobas-mira [94] A second use of SPR with colloidal gold particles, the immunoassay, is a direct application of the capacity of antibody-coated probes to quantitatively sense analyte-binding [3, 8, 83] . The technique is quite sensitive and is applicable to both (poly)peptides and small ligands. Figure 10 display typical doseresponse curves for digoxin (part A) and theophylline (part B) obtained with monoclonal antibody-coated nanoparticles in immunoassays involving short incubations (10 min 37 • C) performed in the Cobas-mira instrument. The reproducibility between duplicate measurements is acceptable as shown by the error bars around the data points. With our immunoassay for serum ferritin, the between run imprecision was between 2.3 and 3.8%, depending on the dose of analyte. We compared also the results of over 100 unknown serum samples observed with the colloidal gold immunoassay and two other immunoassays (latex and chemiluminescence) of commercial origin. The regressions provided slopes close to unity with correlation coefficients ranging from 0.96 to 0.99. The average bias was in each case close to the least detectable dose (4.5 ng/ml). Such rugged immunoassays may thus be used for clinical applications as well as in other biomedical fields where sensitive and rapid analytical techniques are required, such as in the biotechnology and pharmaceutical industry. This application can also serve in the characterization of antibodies or in epitope mapping. • C in the Cobas-mira instrument with increasing concentrations of the respective analytes. The data points are the means ± error of independent duplicate measurements.
Finally, like SPR biosensors, SPR with colloidal gold is capable of monitoring changes in protein conformation. The technique was used as early as in 1997 to monitor the conformational changes of cytochrome b 562 [100] . In this study, the authors recorded the LSPR band shift of colloidal gold nanoparticles which occurred depending on the particle surface coverage by the protein. Depending on the LSPR band shift observed, they could detect the change in the protein conformation from a side-on to a tail-on coverage of the particles. We will further illustrate this application by another example. Human serum albumin is known [101] to experience conformational changes in alkaline conditions that are illustrated by the three-dimensional (3D) models of Fig. 11 . From pH 7 (Fig. 11, top part) , to pH 9 (Fig. 11, middle Fig. 11. 3D models of human serum albumin illustrating the conformational transitions occurring from pH 7 (top) to pH 9 (middle) and above pH 11 (bottom) as a result of proton loss and disulfide bond accessibility. The model was obtained from the protein data bank (id.1bm0) [99] and was modified using the WebLab Viewer Pro v3.7 program (Accelrys Inc., Burlington, MA). part), the protein conformation of the N-terminal half changes dramatically due to a deprotonation [102, 103] which results in the direct accessibility to reduction of five cysteine disulfide bonds which at pH 7 are hidden in the structure [101] . This conformational transition is known as the neutral or N to B transition and is maximal at pH 9. At higher pH (Fig. 11, bottom part) , a second transition occurs between pH 11.3 and 11.6 which is known as the alkaline transition [102] . This transition makes a further cysteine disulfide bond accessible by unfolding [101, 102] . In order to follow these two transitions, we monitored the changes in extinction occurring at the LSPR of colloidal gold nanoparticles at increasing pH values during an incubation of 10 min. As the results displayed in Fig. 12 indicate, both conformational changes are reported by two maxima in the titration curve at the expected pH values.
As these examples show, the technique of SPR measurement with colloidal gold in solution has many possible applications in the field of biomedical sciences. The technique offers the advantage of requiring cheap reagents and of being applicable to easily accessible instrumentation. Fig. 12 . Measurement of conformational transitions of human serum albumin between pH 7 and 12 by recording the changes in extinction at the LSPR band of colloidal gold nanoparticles coated with the protein in buffered solutions. The buffers used are 0.1 M phosphate 0.15 M NaCl (pH 7 and 7.5) and 0.1 M borate 0.15 M NaCl for higher pHs. Data are averages ± error of independent duplicate measurements. The two maxima at pH 9 and 11-11.5 report the N-B and alkaline transitions of albumin conformation, respectively (see text for details).
Conclusions and future prospects
The SPR technique is rather a recent introduction in the arsenal of means applicable to analysis and characterization in the field of biomedical sciences. Despite its relative youth, the many applications published in the literature which involve both SPR with biosensors and with colloidal nanoparticles in solution, demonstrate in sufficience the robustness of the spectroscopic concept and its practical usefulness.
Recent developments are worth mentioning, that will undoubtedly increase the sensitivity, the specificity and the applicability of the technique. The recent integration of SPR and electrochemistry through the combination of SPR biosensors with conductive polymer films is certainly of prime interest [104] [105] [106] . In a previous paper [3] , we had already stressed the advantages that could be gained by such composite materials of colloidal gold nanoparticles [107] . Similarly, the use of Ag-Au alloy nanoparticles recently synthesized [108, 109] with distinct optical properties may allow to improve the detection of biological interactions or phenomena by noble metal nanoparticle LSPR. The application of inductively coupled plasma mass spectrometry as the detection system in a colloidal gold nanoparticle immunoassay [110] allows to improve the specificity of such non isotopic immunoassay system. Finally, recent developments have shown that the SPR technique was applicable not only to biomolecular interaction systems, but also to interactions involving synthetic receptors like ionophores and imprinted polymers [2] . The use of ionophores as the receptor on the sensor allows the quantitative and selective detection of ionic species [111] , whilst the use of imprinted polymers permits the replacement of antibodies for the quantitative and specific detection of small molecules [112] .
The exponential development applications of SPR in biomedical sciences to which we assist since the early days of its inception warrants undoubtedly further updates in the forthcoming future.
